Objectives: To describe magnetic resonance imaging characteristics in a large sample of subjects with mild cognitive impairment (MCI) and to investigate associations between these characteristics and cognition.
M
ILD COGNITIVE IMPAIRment (MCI) refers to nondemented individuals with memory impairment. 1 These individuals are at an increased risk to develop Alzheimer disease (AD). 1 Because MCI does not progress to AD in all subjects, it is increasingly recognized that MCI criteria define heterogeneous subjects. 1, 2 Mild cognitive impairment may reflect different etiologies, including AD-type and vascular pathologic features. Magnetic resonance (MR) images can enhance understanding of brain changes in MCI and their contribution to cognitive deficits, which is important for diagnostic, preventive, and, possibly, therapeutic strategies.
On MR images, medial temporal lobe atrophy (MTA), has been described in MCI. 3 Medial temporal lobe atrophy is a diagnostic marker for AD and is associated with memory deficits. 4, 5 In MCI, MTA is associated with an increased risk of AD. 3, 6 Furthermore, white matter hyperintensities (WMHs) and lacunes are common MR imaging findings across the cognitive spectrum 7, 8 and are considered evidence of small-vessel disease. 9, 10 The clinical significance of WMHs remains unclear. In both AD and normal aging, WMHs have been associated with subtle cognitive deficits. 7, 11, 12 In MCI with concomitant WMHs, an increased risk of dementia has been reported. 13, 14 The neuropsychological correlates of lacunes remain unclear as well. 12, [15] [16] [17] [18] Our purpose was 2-fold: to describe the MR imaging characteristics of a large population with MCI and to investigate how these characteristics relate to cognitive measures.
METHODS

STUDY DESIGN AND SUBJECTS
Baseline data were obtained from the Galantamine International-11 trial (Trial Registration: clinicaltrials.gov Identifier: NCT00236574), a 24-month, randomized, double-blind, placebo-controlled clinical trial that studied the effect of galantamine on cognitive decline in MCI ( Johnson & Johnson Pharmaceutical Research & Development, LLC, Raritan, New Jersey). In total, 995 subjects were randomized. Enrollment criteria stated that subjects were aged 50 years or older and had a history of cognitive decline with insufficient impairment of activities of daily living for a diagnosis of dementia. Subjects were to have a global Clinical Dementia Rating scale 19 score of 0.5 with a memory score of at least 0.5 and a delayed recall score on the New York University Paragraph Recall Test 20 of 10 or less. Exclusion criteria were as follows: contraindication for MR imaging, clinically significant neurodegenerative disorders or other conditions possibly resulting in cognitive impairment, substantial intracranial pathologic features on MR images, severe comorbidity, current treatment for dementia, and a history of drug or alcohol abuse. All subjects gave written informed consent. The study was approved by the local medicoethical committees. For the current study, data were available for 896 subjects from 83 centers.
BASELINE CLINICAL ASSESSMENT
History taking, physical and neuropsychological examinations, and clinical laboratory tests were performed. The following variables were included in the analyses: sex, age at study enrollment, site of origin, vascular risk factors including hypertension (systolic blood pressure Ͼ140 mm Hg and/or diastolic blood pressure Ͼ90 mm Hg [mean of 2 measurements obtained on 2 different occasions using the right arm with the subject sitting] or a history of hypertension or use of antihypertensive medication), diabetes mellitus (a history of diabetes mellitus type 2 or use of antidiabetic medication), hyperlipidemia (a history of hyperlipidemia or use of lipid-lowering medication), and current smoking status (yes or no).
NEUROPSYCHOLOGICAL ASSESSMENT
Cognition was assessed using 3 neuropsychological tests. Global cognition was assessed using the Alzheimer Disease Assessment Scale, cognitive subscale, MCI version (ADAS-cog/MCI). 21 The ADAS-cog was modified to include a concentration and distractibility item, a delayed word recall test, the maze test, and the number cancellation test, considered to be sensitive to the earliest cognitive changes in MCI (score, 2-80). 22 Episodic memory was assessed using the delayed recall of a paragraph of the New York University Paragraph Recall Test (score, 0-21). 20 This test consists of narration of a 1-paragraph story subdivided into 21 segments. The subject receives 1 point for each segment correctly restated after 5 minutes. The number of correct items (range, 0-133) scored on the Digit Symbol Substitution Test (DSST), a subtest of the Wechsler Adult Intelligence Scale, Third Edition, 23 was used as a measure of executive function and attention. The subject copies symbols that are paired with numbers. Using a key, the subject draws each symbol under its corresponding number. The score is determined by the number of symbols correctly drawn within a 120-second time limit. Higher ADAScog/MCI scores correspond with poorer performance, and higher delayed recall and DSST scores indicate better performance.
ACQUISITION OF MR IMAGES
Within 4 weeks before the baseline examination, all subjects underwent MR imaging using a standard protocol. Magnetic resonance imaging was performed on 1.5-T imagers (GE Medical Systems, Milwaukee, Wisconsin; Philips Medical Systems, Eindhoven, the Netherlands; or Siemens Medical Systems, Erlangen, Germany) and included a 3-dimensional, T1-weighted, gradient-echo sequence (coronal views, 1.5-mm section thickness, and 1-mm in-plane resolution) and a fast fluidattenuated inversion recovery sequence (axial views, 5-mm contiguous sections, and 1-mm in-plane resolution). Visual ratings were performed at the Image Analysis Centre of the VU Medical Centre, Amsterdam, the Netherlands.
VISUAL RATING
Medial temporal lobe atrophy was rated on coronal T1-weighted images using a 5-point visual rating scale 5 based on the height of the hippocampal formation and the surrounding cerebrospinal fluid space. An MTA grade of 0 or 1 is considered normal; a grade of 2 or higher corresponds with atrophy.
Severity of WMH was rated on images obtained with fast fluid-attenuated inversion recovery using the 4-point AgeRelated White Matter Changes Scale. 24 We used the total degree of WMHs (range, 0-30).
Lacunes were defined as hypodense foci 3 mm or larger on fast fluid-attenuated inversion recovery and T1-weighted images, surrounded by white matter or subcortical gray matter, not located in areas with a high prevalence of widened perivascular spaces (eg, the anterior commissure). All visual ratings were carried out by 1 of us (E.S.C.K.), who was blinded to clinical information. Previous studies showed good intrarater agreement for the MTA scale ( value, 0.70-0.76). 6 The intraclass correlation coefficient for the total Age-Related White Matter Changes Scale score, determined on 19 randomly selected images scored twice, was 0.99.
STATISTICAL ANALYSIS
Associations between the MR imaging measures were assessed using Spearman rank correlations and partial correlations, controlling for age and sex. Associations between MTA (score, 0-4), WMHs (recoded into quintiles), lacunes (dichotomized; score, 0 or Ն1), and cognitive measures were assessed using general linear models with ADAS-cog/MCI, New York University Paragraph Recall Test, and DSSTs as dependent variables. Basic associations between MR images and cognitive measures were assessed in unadjusted analyses (model 1). Age and sex were entered as covariates (model 2). To assess the independent contributions of each MR imaging predictor, MTA, WMHs, and lacunes were entered simultaneously in multivariable models, adjusting for age and sex (model 3). Interactions between pairs of MR imaging measures were tested. Significant interactions were included in the model. In addition, corrections were made for vascular risk factors. Because different sites were involved, all models were repeated adding site of origin as a categorical covariate. Table 1 . Medial temporal lobe atrophy (score Ն2) was present in 50% of subjects. Most subjects (89%) had some small-vessel dis-
RESULTS
Subject characteristics are given in
WWW.ARCHNEUROL.COMease (Age-Related White Matter Changes Scale score Ͼ0). Fourteen percent of subjects had an Age-Related White Matter Changes Scale score of 10 or higher. One or more lacunes were present in 33% of subjects. Medial temporal lobe atrophy was weakly correlated with WMHs (r=0.32; PϽ.001) and poorly correlated with the number of lacunes (r = 0.09; P Ͻ.01). White matter intensity and the number of lacunes were also marginally correlated (r = 0.14; PϽ .001). Adjusting for age and sex, the correlations between MTA and WMHs (partial r =0.11; PϽ.001) and between WMHs and the number of lacunes (partial r = 0.10; P Ͻ .01) became less strong, whereas the association between MTA and the number of lacunes became almost zero and statistically nonsignificant (r =0.01; P = .83). Table 2 gives the association between MR imaging and cognitive measures. General linear models were per- Figure) . In these basic models, MTA and WMHs each were associated with poorer performance on the ADAS-cog/MCI, New York University Paragraph Recall Test, and DSST. Lacunes were associated with ADAS-cog/MCI and DSST scores, whereas there was no association between lacunes and delayed recall. Adjusting for age and sex (model 2), MTA remained associated with poorer performance on all cognitive measures, whereas the severity of WMHs and lacunes no longer predicted any of the cognitive tests' outcomes. To assess the independent effects of MTA, WMHs, and lacunes on cognition, all MR imaging measures were entered simultaneously into general linear models, adjusting for age and sex (model 3). Performance on the ADAS-cog/MCI and New York University Paragraph Recall Test was predicted by the severity of MTA, whereas WMHs and lacunes were not independently associated with these measures. Performance on the DSST was associated with the severity of MTA and the presence of lacunes but not with WMHs. An interaction (P=.03) between MTA and lacunes indicated that the strength of the association of lacunes with poorer performance on the DSST increased with decreasing MTA. Correction for vascular risk factors or site of origin did not essentially change the results (data not shown).
COMMENT
To our knowledge, this study is one of the first to describe the MR imaging characteristics and their associations with cognitive performance in a large population with MCI in the setting of a clinical trial. Medial temporal lobe atrophy was observed in half of the subjects, and evidence of small-vessel disease was present in most subjects. Severity of MTA was associated with general cognition, episodic memory performance, and DSST score, independent of age, sex, and the other MR imaging measures. Lacunes were associated with performance on the DSST, especially in subjects with milder MTA. Despite a Abbreviations: ADAS-cog/MCI, Alzheimer's Disease Assessment Scale, cognitive subscale, mild cognitive impairment version; DSST, Digit Symbol Substitution Test; MTA, medial temporal lobe atrophy (score, 0-4); WMHs, white matter hyperintensities in quintiles.
a Values are given as ␤ (SE). General linear models were constructed. In model 1, MTA, WMHs, and lacunes were entered in separate models as predictors, with ADAS-cog/MCI, New York University Paragraph Recall Test, and DSST scores as dependent variables. In model 2, age and sex were added as covariates. In model 3, MTA, WMHs, and lacunes were entered simultaneously as predictors, and ADAS-cog/MCI and Paragraph Recall Test as dependent variables, controlling for age and sex. In model 3, with DSST as the dependent variable, the significant interaction term MTA*Lacunes (P = .03) was added.
high prevalence, the severity of WMHs was not independently associated with any cognitive measure used in this study, after adjustment for age.
Our results are in keeping with those of a previous study that reported MTA in 51% of subjects with MCI. 6 An association between MTA and delayed recall is to be expected in patients with AD and control subjects. 4 In this population with MCI, with a limited degree of cognitive impairment as a result of inclusion criteria, an association between MTA and delayed recall was still significant. An association between MTA and ADAS-cog/ MCI score was also found, possibly reflecting that it is largely memory functions that are being determined by the ADAS-cog/MCI in subjects with mild disease stage. That MTA was associated with DSST score as well may reflect the well-recognized involvement even in MCI of multiple cognitive domains.
Small-vessel disease was prevalent: only 11% of subjects were free of any WMHs, and 33% had lacunes. Similar numbers have been described in earlier studies reporting the presence of WMHs in 92% of elderly subjects, 8 the presence of lacunes in 23% of a large population-based cohort, 16 and in 44% of subjects in an MCI cohort. In common with previous studies, 17, 25 MTA seemed to be a more important determinant of cognitive performance, at least as measured by the tests used in this study, than did small-vessel disease. Using unadjusted analyses, WMH severity was associated with the cognitive measures. This association was no longer apparent once corrected for age. In parallel, the correlation between MTA and WMHs was also influenced by age. In unadjusted analyses, the presence of lacunes was associated with ADAS-cog/MCI and DSST scores but not with delayed recall. Again, these associations disappeared after adjusting for age. However, there was an interaction between MTA and lacunes, indicating that the strength of the association between lacunes and poorer performance on the DSST was strongest in subjects with less severe MTA. This may indicate that, within the known heterogeneity of MCI, there will be subjects with relatively less severe AD-type pathology (and less severe MTA) and relatively more severe cerebrovascular disease (lacunes). In those subjects with mild AD-type pathologic features, the effect of the lacunar infarcts will be easier to discern (without the confounds of AD-related deficits). In contrast, it has been suggested that the contribution of small-vessel disease to cognition only becomes clinically apparent in the presence of a certain degree of AD-type pathology. 26 It is conceivable that the neuropathologic burden of AD in our population with MCI was not severe enough to disclose such effects. Furthermore, it is possible that the location of the lacunes might modify the association with cognition. This may be an interesting topic for further research.
Previous studies reported WMHs to be associated with poorer cognitive performance, although these effects were usually modest or related to severe WMHs only. 18, 27, 28 In our study, the association of WMHs with cognition disappeared after adjustment for age. White matter hyperintensities were prevalent and strongly correlated with age. The wide age range (50-94 years) of our subjects may have influenced the association between WMHs and cognition. In addition, inclusion of subjects mainly focused on memory impairment. This may have caused underestimation of the role of small-vessel disease, which is expected to particularly influence the nonmemory domains. Moreover, neuropsychological tests used in this randomized clinical trial were not specifically selected to assess WMH-related functions.
Further longitudinal analysis may reveal which of the MR imaging characteristics predicts progression of cognitive decline. The cross-sectional design of this study limits interpretation about causal mechanisms underlying the associations of MR imaging and cognitive measures. Furthermore, these associations may have been underestimated because of limited variation in cognition as a result of inclusion of only subjects with MCI and possible ceiling effects on the neuropsychological tests. Among the strengths of this study is the large sample size with available MR images. All images were analyzed centrally, which reduced the variability of MR imaging measures to a large extent.
This study may have important clinical implications. Our findings show heterogeneity for MR imaging findings in MCI and, to our knowledge, is the largest study to date to assess MR imaging measures in MCI. Identification of subjects with preclinical AD remains an important challenge. Our study emphasizes the important role of MTA, in contrast to the modest contribution of small-vessel disease to cognitive deficits in subjects considered to have MCI. 
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